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1. Introduction   
 
The extension of optical networks to local residential subscribers requires the development 
of extremely low-cost laser transmitter sources (Tohmori et al., 1997). While wafer 
fabrication allows for large-scale production, which drastically reduces the cost per laser, 
packaging remains a cost bottleneck, as it is not supported by parallel processing. Cost 
reduction must therefore be based on packaging simplification, such as flip-chip bonding 
and direct coupling of the laser into the fiber (Fernier et al., 1998). One of the characteristic 
problems of semiconductor lasers that complicates packaging is their sensitivity to external 
optical feedback. Fiber optic communication systems can be limited by unwanted optical 
feedback arising at fiber facets and junctions (Clarke, 1991), (Kitaoka et al., 1996). Although 
Faraday isolators are used extensively to reduce back reflections by as much as 60-dB, the 
elimination of the optical isolator remains a big challenge and is desirable because it leads to 
simplified packaging and will greatly reduce cost (Grillot et al., 2002).  To understand the 
conditions under which the isolator can be eliminated, it is instructive to briefly review the 
physics of feedback in semiconductor lasers. This investigation naturally leads to 
highlighting the particular advantages of nanostructures in altering or improving the 
feedback resistance of the device. 
 The performance of a semiconductor laser can be strongly altered by external optical 
feedback. During early research, the importance of the distance between the laser facet and 
an external mirror reflector was pointed out in determining the nature of the semiconductor 
laser’s response to optical feedback (Hirota & Suematsu, 1979). Even small reflections in the 
percent range were found to affect the laser stability dramatically. Although external optical 
feedback can be considered as a source of instability in many situations, it also can produce 
several beneficial effects that can improve laser performance. At the extremes of very weak 
and very strong optical feedback, linewidth narrowing and noise suppression can occur. 
This advantage, along with the large gain bandwidth of the semiconductor laser, can 
produce a highly tunable, narrow linewidth source that attracts many applications in 
spectroscopy, metrology and telecommunications (Kane & Shore, 2005). 
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 Five distinct regimes based on spectral observation were reported for 1.55-µm distributed 
feedback (DFB) semiconductor lasers (Tkach & Chraplyvy, 1986). At the lowest feedback 
level, regime I, the laser operates on a single external cavity mode that emerges from the 
solitary laser mode. Depending on the phase of the feedback, the laser linewidth can be 
narrowed or broadened. Within regime II, the mode appears to split into two modes arising 
from rapid mode hopping. Noise-induced hopping between two external cavity modes is 
the underlying reason for this behavior. The transition to regime II has been shown to 
correspond to multiple solutions to the steady state equation that determines the frequency 
of the laser. This condition is satisfied when the parameter XF is equal to unity in the 
following expression: 
 
                                                                 X F KF e 1H2                                                               (1)  
where    e is the external cavity roundtrip time while  KF  2C  i  Rp is denoted as the feedback parameter.  RP is the feedback ratio and is defined as  RP P1 P0  (with P1 the power returned to the facet and P0 the emitted power), C is the coupling coefficient from the laser 
facet to the external cavity, and i is the internal roundtrip time within the laser cavity. The 
so-called linewidth enhancement factor (H-factor) corresponding to the coupling between 
the phase and the amplitude of the electric field is usually defined as follows:  
 
 
H   4
dn dN
dg dN  
4

dn dN
dGnet dN                                                (2) 
                               
where g is the material gain. The αH-factor depends on the ratio of the evolution of the 
refractive index n with the carrier density N to that of the differential gain dg/dn. Γ is the 
optical confinement factor and Gnet=Γg-αi is the net modal gain where αi is the internal loss 
coefficient. The H-factor is used to distinguish the behavior of semiconductor lasers with 
respect to other types of lasers (Henry, 1982), and influences several fundamental aspects of 
semiconductor lasers, such as the linewidth (Su et al., 2004) and the laser behavior under 
optical feedback (Su et al., 2003). In regime III the laser re-stabilizes in a single external 
cavity mode (the lowest linewidth mode) with constant power. As the feedback level is 
further increased, the impact of optical feedback becomes independent of the external cavity 
length and the laser undergoes a transition to a chaotic state characterized by coherence 
collapse (CC) and denoted as regime IV (Lenstra et al., 1985). Coherence collapse or critical 
feedback is the common name given to describe the irregular dynamics occurring when the 
laser is operated above threshold, and has been greatly studied over the last twenty years. 
This regime has been described as co-existing chaotic attractors (Mork et al., 1988) and as an 
important source of noise (Mork et al., 1988), (Tromborg & Mork, 1990). The main 
consequence of the coherence collapse regime consists of a drastic collapse of the laser’s 
coherence time leading to an enhancement of the laser’s linewidth up to several gigahertz. 
For lasers used as an optical transmitter, the coherence collapse has been experimentally 
(Grillot et al., 2002) and theoretically (Clarke, 1991) demonstrated to cause a strong 
degradation in the bit error rate (BER). As the feedback level is further increased, the laser 
enters regime V, which is characterized by single-mode, constant intensity and narrow 
 
linewidth operation. This regime can only be reached when laser diodes with antireflection 
coated facets are used.  
The purpose of this chapter is to show both theoretically and experimentally that the 
variations of the above-threshold H-factor negatively impact the feedback level for which 
the coherence collapse regime occurs. The coherence collapse threshold is explored in 
nanostructure based semiconductor lasers, which in the context of this work encompasses 
quantum dot (QD), quantum dash (QDash), and quantum well (QW) structures. It is 
particularly well-known that QD and QDash based semiconductor lasers have attracted a lot 
of interest in the last decade owing to their expected remarkable properties arising from 
charge carrier confinement in the three space dimensions (Arakawa & Sakaki, 1982). Indeed, 
low threshold current densities and high material gain (Bimberg et al., 1997), (Liu et al., 
1999), temperature insensitivity (Deppe et al., 2002), and reduced H-factor at the lasing 
wavelength (Saito et al., 2000), (Martinez et al., 2005) have been reported. This latter 
property combined with a high damping factor (O’Brien et al., 2003), (Erneux et al., 2008) 
was found to be of utmost importance because it should increase the tolerance to optical 
feedback in these devices (Azouigui et al., 2007), (Su et al., 2003) and may also offer potential 
advantages for direct modulation without transmission dispersion penalty.  
However, in some cases, the above-threshold H-factor was experimentally found to be 
much larger as compared to traditional QW lasers (aGrillot et al., 2008), (Dagens et al., 2005). 
Such an enhancement is naturally not beneficial in practice for many reasons (Henry, 1982) 
and it provokes a rapid collapse of the laser’s coherence time. Thus, considering the energy 
level contributions such as the ground state (GS) and the excited state (ES), this chapter 
shows that the analytical relation giving the onset of the critical feedback level can be 
rewritten. The carrier filling from the ES is found to produce an additional term, which 
accelerates the route to chaos. Also depending on how the above-threshold H-factor 
behaves, the critical feedback level can exhibit two different trends with output power. 
Thus, the influence of the ES coupled to the emphasized non-linear effects makes such 
devices more sensitive to optical feedback causing larger variations in the onset of the 
coherence collapse. These results highlight that the control of the H-factor has to be 
considered as a significant input for the realization of feedback-resistant lasers. It is also 
pointed out that the prediction of the onset of the coherence collapse remains an important 
feature for all applications requiring a low noise level or a proper control of the laser 
coherence.  
 
2. Predicting the onset of the critical feedback regime 
 
Different analytical models giving the onset of the coherence collapse have been derived 
over the last twenty years. This section aims to provide an overview of the most relevant 
relations estimating this critical feedback level. 
 
2.1 Optical Power Transfer Function Analysis 
This model was derived from the microwave modulation characteristics of laser diodes 
(Helms & Petermann, 1989).  Starting from the conventional rate equations for a single-
mode laser diode with optical feedback evaluated through small-signal analysis, it was 
shown that the modulation transfer function of a feedback laser can be expressed as:  
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H K ( jm )  (1K( jm )) H ( jm )1K( jm )H ( jm )                                                  (3) 
 
where m is the modulation frequency. In (3), H(jm) is the normalized transfer function of 
the laser diode in the absence of optical feedback given by: 
 
                                                  
 
H ( jm )  1
jm r




2
 jmd



1
                                                        (4) 
 
r and d are the relaxation and damping resonance frequencies, respectively. Equation (3) is 
derived for the minimum linewidth mode due to its high degree of stability over other 
cavity modes (Shunk & Petermann, 1988). The modification of the solitary laser modulation 
response due to weak feedback and H>1 is found to be (Helms & Petermann, 1989): 
 
                                                     
  
K( jm )  j KFm 1H
2  1 -e -jme                                                (5) 
 
Examination of (3) reveals that the system will be unstable due to a small perturbation if an 
unstable pole occurs. The existence of such a pole does not necessarily mean that coherence 
collapse occurs but the minimum feedback level at which an unstable pole occurs does 
correspond to the onset of the coherence collapse. As a result, considering the case of a long 
external cavity (e.g.   r e>>1) as well as m  r and   r d , the unstable pole occurs in (3) when   K( jm )H ( jm ) =1. This condition leads to an analytical expression for the onset of coherence collapse expressed by: 
 
                                                             
 
RPc    i4C




2
f (H )                                                             (6) 
 
with     r2 d the damping factor in rad/sec and  f (H ) 1 1H
2 . Expression (6) 
depends only on the solitary laser response and the H-factor. There is no explicit 
dependence on the external cavity length since a long-cavity asymptotic assumption was 
used in the derivation. For the case of a short external cavity (e.g.   r e<<1), the onset of the coherence collapse is found to be dependent on the external cavity length as demonstrated 
in (Shunk & Petermann, 1989). In validating equation (6) against numerical simulations of 
an external cavity laser diode, it was shown that the expression deviated from the numerical 
results for low H-factor values. Consequently, the expression for the critical feedback level 
was found empirically driven by the same expression but instead f(αH) is replaced by g(αH), 
which is expressed as:  g(H )  (1H2 ) H4 . This relation theoretically predicts that coherence collapse does not occur if H0, as explained through Henry and Kazarinov’s 
ellipse whose eccentricity decreases with the H-factor (Henry & Kazarinov, 1986). For the 
case where H=0, all the fixed points describing the stability of the system (modes and 
antimodes) are located on a circle around the solitary laser mode. Under this condition, the 
 
minimum gain mode and the minimum linewidth mode are the same and do not compete 
with each other and thereby coherence collapse cannot occur (Henry & Kazarinov, 1986). 
Despite a general agreement that the critical feedback level may be strongly up-shifted for 
low H-factors (aGrillot et al., 2008), the complete suppression of the critical feedback level 
has never been reported. This last condition has been particularly expected for QD and 
QDash lasers because of their remarkable properties arising from charge carrier confinement 
in three spatial dimensions (Arakawa & Sakaki, 1982) and lower H-factors (Bimberg et al., 
1997), (Newell et al., 1999).  
 
2.2 External Cavity Mode Analysis  
 Based on the Lang and Kobayashi rate equations (Lang & Kobayashi, 1980) in the presence 
of optical feedback, the variation of the angular frequency induced by external optical 
feedback can be written as:   
 
                                  i   0  i  2C RP 1H2 sin   tan1 H                                     (7)  
with  the phase of the feedback wave and 0 the pulsation of the free-running laser. (Henry 
& Kazarinov, 1986) demonstrated that the onset of the coherence collapse occurs when the 
feedback parameter KF, given in (1), is comparable to the relaxation frequency  r. Thus, 
based on (7), the onset of the coherence collapse can be determined when the frequency shift 
is maximized (  max i  2C RPC 1H2 ) for a certain critical feedback level. A strong increase in the optical power spectrum at  0  r marks the feedback level defining the transition to the coherence collapse regime when max  r . As a result, the onset of 
coherence collapse can be calculated via the following relationship (Binder & Cormarck, 
1989): 
 
                                                         
 
RP c   r  i2C




2
f (H )                                                               (8) 
 
Although this equation is based on a model considering only the steady-state solutions 
under optical feedback, it was shown to agree with predictions made in (Shunk & 
Petermann, 1988) and (Henry & Kazarinov, 1986). Compared with (6), this new expression 
does not include the damping rate, which has been found to be much larger in QD and 
QDash based devices compared to QW ones (O’Brien et al. 2003), (bGrillot et al., 2008). 
Another expression similar to (8) but with (2)1/2 instead of a 2 in the numerator was derived 
by analyzing the stability of the oscillation condition solutions for a laser under optical 
feedback (Mork et al., 1992). Coherence collapse is seen as a chaotic attractor and that chaos 
is reached for increasing feedback levels through a quasi-periodic route interrupted by 
frequency locking. For a long external cavity (   r e>>1), this new expression provides an approximation to the value of the feedback parameter KF at which instability sets in. 
Because the two approaches discussed in this section are highly similar, (8) can be rewritten 
as: 
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with p=2 or (2)1/2 depending on the model under consideration. 
 
2.3 Mode Competition Theory 
The generation mechanism for excess intensity noise due to optical feedback has been 
analyzed theoretically and experimentally in (Yamada & Suhara, 1990). Modal rate 
equations under the weakly coupled condition with external optical feedback were derived 
which account for the mode competition phenomena found in Distributed Feedback (DFB) 
and Fabry-Perot (FP) lasers. The critical optical feedback level was calculated by confirming 
the build-up of external cavity modes and expressed as follows (Yamada & Suhura, 1990), 
(Suhura & Yamada, 1993): 
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with L and l the lengths of the laser cavity and the external cavity, respectively, n the 
refractive index and R the reflectivity of the emitting facet. The critical feedback level was 
found to be inversely proportional to the distance squared (l2) to the reflection point. This 
relation, which holds only for FP lasers, was used to analyze the generation of the excess 
noise on the basis of mode competition theory and calculated the minimum noise level in 
the presence of external optical feedback. Calculations have shown that external cavity 
modes build up above a critical level of external optical feedback and result in excess noise 
due to the competition between external cavity modes and lasing modes. This method does 
not account for variations in the bias current, limiting its applicability for devices that have 
characteristic parameters that vary as the bias current is changed. 
 
3. Recent advances in nanostructure-based semiconductor lasers 
 
Low cost, directly modulated lasers will play a major role in the next generation 
telecommunication links (Local and Metropolitan Area Networks) for uncooled and 
isolator-free applications. Materials grown on an InP substrate have generally been the 
reference systems for 1.55-µm applications. Actual laser sources which are based on the 
InGaAsP/InP QW active material exhibit typical threshold currents lower than 10mA and a 
characteristic temperature T0 of ~ 60 K (20-80 °C) (Thijs et al., 1994), (Phillips et al., 1999). 
More recently, GaInAlAs/InP QW lasers have shown an improved T0 of ~ 90 K from 20 to 
120 °C owing to a higher conduction band offset. Lasers realized in this material system 
allowed data transmission over a 40 km fiber span at 10Gbps up to 80°C (Stegmuller et al., 
1993), (Makino et al., 2005). Temperature-insensitive lasers fabricated on GaAs are very 
attractive for low-cost high volume production due to a reduced cost of GaAs wafers and a 
mature technology. Two approaches have been intensively investigated in the last decade 
namely InAs QDs and GaInAsN QW emitting in the 1.3-µm window. GaInAsN(Sb) alloys 
grown on GaAs substrates extend the emission wavelength further into the 1.55-µm band. 
 
This material system offers high electron confinement, a prerequisite for high T0, and a high 
differential gain. A recent result of GaInAsNSb/GaAs QWs emitting at 1.55-µm shows a 
relatively low threshold current density of 579 A/cm² with propagation losses of ~ 4.8 cm-1 
(Bank et al., 2006). However, due to a lower material gain, typical threshold currents of ridge 
waveguide lasers amount to 60mA (Gupta et al., 2006). The less mature material of 
GaInAsNSb development obviously needs further improvements. Many efforts have been 
devoted to the GaAs-based QD material system for emission in the 1.3-µm band, owing to a 
better material maturity (Bimberg et al., 1997), (Liu et al., 1999), (Deppe et al., 2002), (Saito et 
al., 2000), (Martinez et al., 2005), which allowed the demonstration of temperature 
insensitive 10Gbit/s transmission up to 85°C (Gerschütz et al., 2006), (Dagens et al., 2006). 
However for long-haul telecomm applications, lasers emission at 1.55-µm is mandatory. 
Two different approaches can match this application: metamorphic QDs grown on GaAs 
and QDs grown on InP substrates. Laser emission up to 1.45-µm has recently been 
demonstrated using metamorphic InAs/GaAs QD layer. The typical threshold current 
density equals ~ 1-1.5 kA/cm², and the characteristic temperature is ~65K (20-85 °C) 
(Karachinsky et al., 2005). More recently, coupled QD-QW tunnel injection lasers present a 
very low threshold current density of 63 A/cm² and an interesting 3-dB modulation 
bandwidth of ~ 8 GHz (Mi et al., 2006). But further extension of the emission wavelength at 
1.55-µm on GaAs remains an issue. So far, only QD-based active layers grown on InP have 
allowed emission in the telecommunication window. Growth of QDs on (100) substrates has 
already been demonstrated using Molecular Beam Epitaxy (MBE) (Kim et al., 2004), or 
Molecular Organic Vapor Phase Epitaxy (MOVPE) (Franke et al., 2001). Elongated dots, or 
so-called QDashs have also been obtained by MBE (Wang et al., 2001), (Deubert et al., 2005) 
which have led to the demonstration of high performance lasers (Lelarge et al., 2007). An 
alternative approach is the use of the InP(311)B wafer orientation, which has also enabled 
demonstration of 3D confined nanostructures with a QD density as high as 1011 cm-2  (Caroff 
et al., 2005) with as well as low chirp of a 2.5Gbps directly-modulated single mode 
waveguide laser emitting at 1.6-µm (Saito et al., 2001). As an example, fig. 1 represents 11-
m² atomic force microscopy (AFM) images of QDs and QDashs grown on InP(311)B and 
InP(001) substrates, respectively. Let us note that very recently, dynamic properties of 
InAs/InP(311B) QD lasers emitting on the GS at 1.52-µm have been reported. The H-factor 
is found to be as low as 1.8 at the gain peak just below threshold and increases to about 7 
above threshold but remains constant with the current. The rather high value is attributed to 
band filling of the thick wetting layer high degeneracy states. The sole emission from the GS 
at high current and at a high temperature of 75°C as well as a distinct relaxation oscillation 
peak in the frequency modulation response indicate the absence of phonon relaxation 
bottleneck originating from an ES (Martinez et al., 2008), (cGrillot et al., 2008).  
                                                        (a)                                               (b)                                        
Fig. 1. (a) 1x1-m² Atomic Force Microscopy images of the InAs QDashs (a) and (b) QDs. 
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Fig. 1. (a) 1x1-m² Atomic Force Microscopy images of the InAs QDashs (a) and (b) QDs. 
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4. Results and discussion 
 
This section gives the experimental results on both the static and the dynamic characteristics 
of the semiconductor lasers under study.  
 
4.1 Device description   
The device structure shown in fig. 2 was grown on an n+-InP substrate. The active region is a 
dot-in-well (DWELL) structure consisting of 5 layers of InAs QDashs embedded in 
compressively-strained Al0.20Ga0.16In0.64As QWs which are separated by 30-nm un-doped 
tensile-strained Al0.28Ga0.22In0.50As spacers. Each side of the active region is surrounded by 
105-nm waveguide layers of lattice-matched Al0.30Ga0.18In0.52As. The p-cladding layer is step-
doped AlInAs with a thickness of 1.5-µm to reduce free carrier loss and the n-cladding is a 
500-nm thick layer of AlInAs.  The laser structure is capped with a 100-nm InGaAs layer. 
Processing consisted of patterning a four-micron wide ridge waveguide with a 500-µm 
cleaved cavity length.   
5x
n+- InP substrate
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Al0.20Ga0.16In0.64As (1.3 nm)
Al0.28Ga0.22In0.50As (15 nm)
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p- InGaAs (100 nm)
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Fig. 2. Layer structure of the InAs/InP QDash Fabry-Perot (FP) device fabricated with the 
DWELL technology  
The threshold current leading to a GS-emission is ~45mA and the external differential 
efficiency is about 0.2W/A. Beyond a pump current of ~100mA, ES lasing emission occurs. 
Fig. 3 shows the light-current characteristic measured at room temperature. As observed in 
fig. 3, the onset of ES lasing leads to a kink in the light-current characteristics as well as a 
modification of the slope efficiency (Veselinov et al., 2007) 
 
Fig. 3. The light current characteristic of the QDash FP laser under study 
 
4.2 Effective gain compression  
Conventional small-signal analysis of the semiconductor laser rate equations leads to a 
damped oscillator solution that is characterized by a relaxation frequency and an associated 
damping rate.  To account for saturation of the optical gain generated by the semiconductor 
media with the photon density in the cavity, it is common to include a so-called gain 
compression term as well (Coldren & Corzine, 1995).  Measuring the frequency response as 
a function of the output power is a common method to evaluate gain compression in 
semiconductor lasers. In the case of the QD laser, it has been shown that effects of gain 
compression are more important than those measured on QW devices (Su et al., 2005), (Su & 
Lester, 2005). In order to explain this phenomenon, a modified nonlinear gain coefficient has 
been introduced leading to a new expression for the relaxation frequency under strong gain 
saturation (Su & Lester, 2005):   
 
                                             fr2 
vgaS
4 2 p (1SS)
 vga0S4 2 p (1Seff S)
                                     (11) 
 
with vg being the group velocity, a the differential gain, a0 the differential gain at threshold 
(unsaturated value), S the photon density, p the photon lifetime, S the gain compression 
factor related to the photon density and Seff the effective gain compression factor which is 
defined as: 
 
                                                   
 
 Seff  S 1
1 g thgmax
                                                               (12) 
 
where gth is the gain at threshold and gmax is the maximum gain for GS-lasing. Equation (12) 
indicates that the gain compression is enhanced due to gain saturation by a factor of 
gmax/(gmax-gth). In Fig. 4 the evolution of the normalized gain compression Seff/S is plotted as 
a function of the ratio gmax/gth.  This shows that the higher the ratio gmax/gth the lower the 
effects of gain compression. If gmax>>gth the graph tends to an asymptote such that Seff/S  
1. For cases where gmax gth, gain compression effects are strengthened: the ratio increases 
drastically and can be extremely large if not enough gain is provided within the structure 
(gmax  gth). As an example, for the QD laser under study, gmax/gth  2 meaning that the effects 
of gain compression are doubled causing critical degradation to the laser bandwidth.  
 Fig. 4. Normalized compression factor as a function of gmax/gth 
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Applying this same theory to the case of the QDash laser, the square of the measured 
resonance frequency is plotted in fig. 5 as a function of the output power, which is linked to 
the photon density through the relation  P  h V vgm S  with h the energy per photon, V the cavity volume and mvg the energy loss through the mirrors, m being the mirror loss. The 
experimental dependence of the relaxation oscillation frequency shows a deviation from the 
expected proportionality given by expression (11) (case with S = 0) on the square root of the 
optical output power. Thus, the experimental trend depicted in fig. 5 for the QDash laser is 
modelled via the following relation (Su & Lester, 2005):  
                                                               
 
f r2  AP
1 PPsat
 AP1PP                                                        (13)  
The curve-fit based on equation (13) is used to express the gain compression in terms of a 
saturation power such that SS = PP = P/Psat with P the gain compression coefficient related 
to the output power P. The value of Psat is indicative of the level of output power where 
nonlinear effects start to be significant. For the QDash device under test, the curve-fit leads 
to a Psat  17mW and a gain compression coefficient of approximately P=1/Psat  0.06 mW-1. 
The maximum of the resonance frequency can be directly deduced from the curve-fitting as 
r=(APsat)1/2 and was expected to be ~7.6GHz. Taking into account the facet reflectivity as 
well as the modal volume of the laser, the order of magnitude for the gain compression 
factor S is in the range of 5  10-15 cm3 to 1  10-16cm3 which is much larger than the typical 
values measured on conventional QW lasers (typically around 10-17 cm3) (Petermann, 1988). 
 Fig. 5. The square of the resonance frequency versus the output power (open circles)  
 
In fig. 6, the evolution of the damping rate against the relaxation frequency squared leads to 
a K-factor of 0.45ns as well as an effective carrier lifetime of  N1=0.16ns. The maximum 
intrinsic modulation bandwidth  f max  2 2 K  is 19.7GHz.  This fmax is never actually achieved in the QDash laser because of the aforementioned gain compression and the short 
effective carrier lifetime. 
 
 
Fig. 6. The damping factor versus the square of the relaxation frequency 
 
4.3 On the above-threshold H -factor 
The above-threshold GS αH-factor was measured using the injection locking (IL) technique, 
which is based on the asymmetry of the stable locking region over a range of detuning on 
both the positive and negative side of the locked mode (Liu et al., 2001). Using the IL 
technique, the H-factor can be determined using the following relationship: 
 
                                                      
 
H  
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2
1                                                            (14) 
where ∆= ∆master - ∆slave, and ∆+/- reflects the master’s wavelength being either positively 
or negatively detuned with respect to the slave’s wavelength. The ratio of ∆+/∆– should 
theoretically remain the same for any value of side mode suppression ratio (SMSR), which 
was kept at 35-dB for this measurement. The measured GS αH-factor as a function of bias 
current is depicted in fig. 7. It was observed that the GS αH-factor increased from ~1.0 to ~14 
as the bias current was increased from the threshold value to 105mA. This enhancement is 
mostly attributed to the plasma effect as well as to the carrier filling of the non-lasing states 
(Wei & Chan, 2005), which results in a differential gain reduction above threshold. This 
strong degradation of the GS αH-factor with the bias current produces a significant variation 
in the feedback sensitivity of the laser.  
 Fig. 7. The above threshold GS H-factor of the QDash laser versus the bias current 
measured by the injection-locking method. 
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well as the modal volume of the laser, the order of magnitude for the gain compression 
factor S is in the range of 5  10-15 cm3 to 1  10-16cm3 which is much larger than the typical 
values measured on conventional QW lasers (typically around 10-17 cm3) (Petermann, 1988). 
 Fig. 5. The square of the resonance frequency versus the output power (open circles)  
 
In fig. 6, the evolution of the damping rate against the relaxation frequency squared leads to 
a K-factor of 0.45ns as well as an effective carrier lifetime of  N1=0.16ns. The maximum 
intrinsic modulation bandwidth  f max  2 2 K  is 19.7GHz.  This fmax is never actually achieved in the QDash laser because of the aforementioned gain compression and the short 
effective carrier lifetime. 
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4.3 On the above-threshold H -factor 
The above-threshold GS αH-factor was measured using the injection locking (IL) technique, 
which is based on the asymmetry of the stable locking region over a range of detuning on 
both the positive and negative side of the locked mode (Liu et al., 2001). Using the IL 
technique, the H-factor can be determined using the following relationship: 
 
                                                      
 
H  




2
1                                                            (14) 
where ∆= ∆master - ∆slave, and ∆+/- reflects the master’s wavelength being either positively 
or negatively detuned with respect to the slave’s wavelength. The ratio of ∆+/∆– should 
theoretically remain the same for any value of side mode suppression ratio (SMSR), which 
was kept at 35-dB for this measurement. The measured GS αH-factor as a function of bias 
current is depicted in fig. 7. It was observed that the GS αH-factor increased from ~1.0 to ~14 
as the bias current was increased from the threshold value to 105mA. This enhancement is 
mostly attributed to the plasma effect as well as to the carrier filling of the non-lasing states 
(Wei & Chan, 2005), which results in a differential gain reduction above threshold. This 
strong degradation of the GS αH-factor with the bias current produces a significant variation 
in the feedback sensitivity of the laser.  
 Fig. 7. The above threshold GS H-factor of the QDash laser versus the bias current 
measured by the injection-locking method. 
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On one hand, in QW lasers, which are made from a homogeneously broadened gain 
medium, the carrier density and distribution are clamped at threshold. As a result, the 
change of the H-factor is due to the decrease of the differential gain from gain compression 
and can be expressed as (Agrawal, 1990): 
  
                                                                 H 0(1PP)                                                                 (15)  
where 0 is the linewidth enhancement factor at threshold. Since the carrier distribution is 
clamped, 0 itself does not change as the output power increases. As an example, fig. 8 
shows the measured H-factor versus the output power for a 300-µm-long AR/HR coated 
DFB laser made from six compressively-strained QW layers. The threshold current is ~8mA 
at room temperature for the QW DFB device. Black squares correspond to experimental 
data. As described by equation (15), the effective αH-factor linearly increases with the 
output power to about 4.3 at 10mW.  By curved-fitting the data in fig. 7, the H-factor at 
threshold is found to be around 4 while the gain compression coefficient equals 3x10-2 mW-
1. Compared to QD or QDash lasers, such a value of the gain compression coefficient is 
much smaller leading to a higher saturation power, which lowers the enhancement of the 
effective H-factor over the range of output power. It is worthwhile noting that modifying 
the laser’s rate equations and including the effects of intraband relaxation, (15) can be 
reexpressed as follows (Agrawal, 1990): 
 
                                              
  
H 0(1PP)  PP (1+PP)2+PP                                                  (16) 
 
with   the parameter related to the slope of the linear gain which controls the nonlinear 
phase change. The situation for which =0 corresponds to an oscillation purely located at 
the gain peak. For most cases, the second part of (16) usually remains small enough to be 
neglected. 
 Fig. 8. The effective linewidth enhancement factor H as a function of the output power for 
the QW DFB laser. 
 
On the other hand, in QD or QDash lasers, the carrier density and distribution are not 
clearly clamped at threshold. As a consequence of this fact, the lasing wavelength can switch 
 
from GS to ES as the current injection increases meaning that a carrier accumulation occurs 
in the ES even though lasing in the GS is still occurring. The filling of the ES inevitably 
increases the H-factor of the GS and introduces an additional dependence with the injected 
current. Thus taking into account the gain variation at the GS and at the ES, the index 
change at the GS wavelength can be written as follows: 
 
                                                                n  kgk
kGS ,ES
                                                                   (17) 
 
with k being the index of summation for GS and ES respectively. Equation (2) leads to: 
 
                                                       
  
n  ES aESaGS GS



gGS Hg                                                (18) 
 
In equation (18), δg and δn are the changes of the gain and refractive index at the GS, 
respectively, αH is the linewidth enhancement factor actually measured in the device and 
evaluated at the GS-wavelength, aES and aGS are the differential gain values at the ES and at 
the GS, respectively, ES describes the change of the GS index caused by the ES gain and GS 
is related to the GS index change caused by the GS gain variation. When the laser operates 
above threshold, GS keeps increasing with GS(1+PP) as previously shown for the case of 
QW devices.  
The gain saturation in a QD media can be described by the following equation (Su et al., 
2005): 
 
                                                       
 
gGS  gmax 1e
 ln(2) NNtr1











                                                         (19) 
 
with N the carrier density and Ntr the transparency carrier density. When the laser operates 
above threshold, the differential gain for the GS lasing is defined as follows: 
 
                                                       
 
aGS  dgGSdN 
ln(2)
N tr gmax  gGS                                                  (20) 
 
with gGS=gth(1+PP) the uncompressed material gain increasing with the output power.  
Equation (19) leads to: 
 
                                          
 
aGS  a0 1 gthgmax  gth PP



 a0 1
gth
gmax  gth  S S



                               (21) 
 
with a0 the differential gain at threshold. Then using equations (15), (18) and (21), the 
linewidth enhancement factor can be analytically written as: 
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In equation (18), δg and δn are the changes of the gain and refractive index at the GS, 
respectively, αH is the linewidth enhancement factor actually measured in the device and 
evaluated at the GS-wavelength, aES and aGS are the differential gain values at the ES and at 
the GS, respectively, ES describes the change of the GS index caused by the ES gain and GS 
is related to the GS index change caused by the GS gain variation. When the laser operates 
above threshold, GS keeps increasing with GS(1+PP) as previously shown for the case of 
QW devices.  
The gain saturation in a QD media can be described by the following equation (Su et al., 
2005): 
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with N the carrier density and Ntr the transparency carrier density. When the laser operates 
above threshold, the differential gain for the GS lasing is defined as follows: 
 
                                                       
 
aGS  dgGSdN 
ln(2)
N tr gmax  gGS                                                  (20) 
 
with gGS=gth(1+PP) the uncompressed material gain increasing with the output power.  
Equation (19) leads to: 
 
                                          
 
aGS  a0 1 gthgmax  gth PP
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with a0 the differential gain at threshold. Then using equations (15), (18) and (21), the 
linewidth enhancement factor can be analytically written as: 
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H (P) 1 1PP  0
1 g thgmax  gth PP
                                         (22) 
with   1 GS  and 0=ES(aES/a0). The first term in (22) denotes the gain compression effect at the GS (similar to QW lasers) while the second is the contribution of the carrier filling 
from the ES that is related to the gain saturation in the GS. For the case of strong gain 
saturation or lasing on the peak of the GS gain, equation (21) can be reduced to: 
 
                                                      
 
H (P)  0
1 gthgmax  gth PP
                                                        (23) 
 
In fig. 9, the normalized linewidth enhancement factor H/0 is calculated through equation 
(23) and represented in the (X,Y) plane with X =P/Psat and Y = gmax/gth. This graph serves as a 
stability map and simply shows that a larger maximum gain is absolutely required for a 
lower and stable H /0 ratio. For instance let us consider the situation for which gmax= 3gth: 
at low output powers i.e, P < Psat, the normalized H-factor remains constant (H/0  3) 
since the gain compression is negligible. As the output power approaches and goes beyond 
Psat,  the ratio H /0 is increased. Gain compression effects lead to an enhancement of the 
normalized H-factor, which can go up to 10 for P  2Psat level of injection for which the ES 
occurs. 
 Fig. 9. Stability map based for the normalized linewidth enhancement factor H/0 in the 
(P/Psat, gmax/gth) plane. 
 
Assuming that gmax = 5gth, fig. 9 shows that the effects of gain compression are significantly 
attenuated since the ratio H /0 remains relatively constant over a wider range of output 
power. The level at which gain compression starts being critical is now shifted to P  3Psat 
instead of P  Psat.  It is also important to note that at a certain level of injection, the 
normalized GS H-factor can even become negative. This effect has been experimentally 
reported in (Dagens et al., 2005) and occurs when the GS gain collapses, e.g when ES lasing 
occurs. 
 
In fig. 10, the calculated GS H-factor (black dots) of the QD-laser from (Dagens et al., 2005) 
is depicted as a function of the bias current. Red stars superimposed correspond to data 
measurements from (Dagens et al., 2005) which have been obtained via the AM/FM 
technique. This method consists of an interferometric method in which the output optical 
signal from the laser operated under small-signal direct modulation is filtered in a 0.2nm 
resolution monochromator and sent in a tunable Mach-Zehnder interferometer. From 
separate measurements on opposite slopes of the interferometer transfer function, phase and 
amplitude deviations are extracted against the modulating frequency, in the 50MHz to 
20GHz range (Sorin et al., 1992). The H-factor is given by the phase to amplitude response 
ratio at the highest frequency within the limits of the device modulation bandwidth. Fig. 10 
shows a qualitative agreement between the calculated values and the values experimentally 
obtained. As expected, the GS H-factor increases with the injected current due to the filling 
of the excited states as well as carrier filling of the non-lasing states (higher lying energy 
levels such as the wetting layer). Although the H-factor is lowered at lower output powers, 
its increase with bias current stays relatively limited as long as the bias current remains 
lower than 150mA, e.g. such that P<Psat. Beyond Psat, compression effects become significant, 
and the H-factor reaches a maximum of 57 at 200mA before collapsing to negative values. 
As previously mentioned, the collapse in the H-factor is attributed to the occurrence of the 
ES as well as to the complete filling of the available GS states. In other words, as the ES 
stimulated emission requires more carriers, it affects the carrier density in the GS, which is 
significantly reduced. As a result, the GS H-factor variations from 57 down to -30 may be 
explained through a modification of the carrier dynamics such as the carrier transport time 
including the capture into the GS. This last parameter affects the modulation properties of 
high-speed lasers via a modification of the differential gain. These results are of significant 
importance because they show that the H-factor can be controlled by properly choosing the 
ratio gmax/gth: the lower gth, the higher gmax, and the smaller the linewidth enhancement factor. 
A high maximum gain can be obtained by optimizing the number of QD layers in the laser 
structure while gain at threshold is directly linked to the internal and mirror losses. Both gth 
and gmax should be considered simultaneously so as to properly design a laser with a high 
differential gain and limited gain compression effects. The gmax/gth ratio is definitely the key-
point in order to obtain a lower H-factor for direct modulation in QD and QDash lasers.  
 
                Fig. 10. Calculated GS H-factor for a QD laser versus the bias current (black dots). 
Superimposed red stars correspond to experimental data from (Dagens et al., 2005) 
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5. Optical feedback sensitivity 
 
This sections aims to investigate the laser’s feedback sensitivity by using different analytical 
models. Also the impact of the H-factor on the feedback degradation is carefully studied. 
 
5.1 Description of the optical feedback loop 
The experimental apparatus to measure the coherence collapse threshold is depicted in fig. 
11. The setup core consists of a 50/50 4-port optical fiber coupler. Emitted light is injected 
into port 1 using a single-mode lensed fiber in order to avoid excess uncontrolled feedback. 
The optical feedback is generated using a high-reflectivity dielectric-coated fiber (> 95%) 
located at port 2. The feedback level is controlled via a variable attenuator and its value is 
determined by measuring the optical power at port 4 (back reflection monitoring). The effect 
of the optical feedback is analyzed at port 3 via a 10pm resolution optical spectrum analyzer 
(OSA). A polarization controller is used to make the feedback beam’s polarization identical 
to that of the emitted wave in order to maximize the feedback effects. The roundtrip time 
between the laser and the external reflector is ~30ns. As a consequence, the long external 
cavity condition mentioned in the previous section   r e>> 1 is fulfilled.   
 Fig. 11. Schematic diagram of the experimental apparatus for the feedback measurements 
 
The long external cavity condition means that the coherence collapse regime does not 
depend on the feedback phase nor the external cavity length. Thus, in order to improve the 
accuracy of the measurements at low output powers, an erbium-doped-fibre-amplifier 
(EDFA) was used with a narrow band filter to eliminate the noise. The EDFA is positioned 
between the laser facet and the polarization controller (not shown in fig. 11). As already 
stated in section 1, the amount of injected feedback into the laser is defined as the ratio 
  RPdB 10 log P1 P0  where P1 is the power returned to the facet and P0 the emitted one. The amount of reflected light that effectively returns into the laser can then be expressed as 
follows (Su et al., 2003): 
 
                                                             RP dB PBRM P0 C                                                             (24)  
where PBRM is the optical power measured at port 4, C is the optical coupling loss of the 
device to the fiber which was estimated to be about -4dB and kept constant during the entire 
experiment. The device is epoxy-mounted on a heat sink and the temperature is controlled 
at 200C. The onset of the coherence collapse was determined by monitoring the laser spectra 
 
and noting when the linewidth begins to significantly broaden as shown in (Grillot et al., 
2002), (Tkach & Chraplyvy, 1986). As an example, fig. 12 shows the measured optical spectra 
of a 1.5-m QD DFB laser. The spectral broadening caused by the optical feedback at 
coherence collapse level, can significantly degrades the capacity of the high-speed 
communication systems. 
 Fig. 12. Optical spectra of a 1.5-m QD DFB laser. The solid black line corresponds to the 
fully developed coherence collapse 
 
5.2 Evaluation of the critical feedback level 
Based on (6) & (9), a strong degradation of the αH-factor with the bias current should 
produce a significant variation in the laser’s feedback sensitivity. In fig. 13, the measured 
onset of the coherence collapse is shown (black squares) for the QDash FP laser depicted in 
fig. 2 as a function of the bias current at room temperature Note that the dashed line in fig. 
13 is added for visual help only. The feedback sensitivity of the laser is found to vary by 
~20-dB over the range of examined current levels as the H-factor increases at higher bias 
currents. In order to compare the experimental data with theoretical models previously 
described, the onset of coherence collapse is calculated by substituting the measured 
relaxation frequency, damping factor and H-factor values directly into (6) and (9). 
Assuming a laser with cleaved facets, the coupling coefficient from the facet to the external 
cavity   C  (1R) 2 R is calculated to be 0.6 and the internal round trip time in the laser cavity is about ~10ps. As shown in fig. 13, the best agreement with experimental data over 
the range of current is found with (9) for both values of p. The discrepancy between (9) is 3-
dB which corresponds to the factor 2 as described in section 2.3. Such a difference remains 
within the experimental resolution of +/- 3-dB  (see error bars in fig. 13). Using (6) leads to a 
larger discrepancy, whose minimum value is ~11-dB at 65mA. It is worth noting that for H–
factors approaching unity (below 60mA), the critical feedback level saturates for all four 
models considered. This saturation is generated by the function f(H), which converges to 1 
as H gets smaller. Experimentally, the trend does not saturate at this level of bias current 
since the resistance to optical feedback keeps increasing, demonstrating that the critical 
feedback level can be up-shifted for lower H–factors (Cohen & Lenstra, 1991).  
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of the optical feedback is analyzed at port 3 via a 10pm resolution optical spectrum analyzer 
(OSA). A polarization controller is used to make the feedback beam’s polarization identical 
to that of the emitted wave in order to maximize the feedback effects. The roundtrip time 
between the laser and the external reflector is ~30ns. As a consequence, the long external 
cavity condition mentioned in the previous section   r e>> 1 is fulfilled.   
 Fig. 11. Schematic diagram of the experimental apparatus for the feedback measurements 
 
The long external cavity condition means that the coherence collapse regime does not 
depend on the feedback phase nor the external cavity length. Thus, in order to improve the 
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(EDFA) was used with a narrow band filter to eliminate the noise. The EDFA is positioned 
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stated in section 1, the amount of injected feedback into the laser is defined as the ratio 
  RPdB 10 log P1 P0  where P1 is the power returned to the facet and P0 the emitted one. The amount of reflected light that effectively returns into the laser can then be expressed as 
follows (Su et al., 2003): 
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where PBRM is the optical power measured at port 4, C is the optical coupling loss of the 
device to the fiber which was estimated to be about -4dB and kept constant during the entire 
experiment. The device is epoxy-mounted on a heat sink and the temperature is controlled 
at 200C. The onset of the coherence collapse was determined by monitoring the laser spectra 
 
and noting when the linewidth begins to significantly broaden as shown in (Grillot et al., 
2002), (Tkach & Chraplyvy, 1986). As an example, fig. 12 shows the measured optical spectra 
of a 1.5-m QD DFB laser. The spectral broadening caused by the optical feedback at 
coherence collapse level, can significantly degrades the capacity of the high-speed 
communication systems. 
 Fig. 12. Optical spectra of a 1.5-m QD DFB laser. The solid black line corresponds to the 
fully developed coherence collapse 
 
5.2 Evaluation of the critical feedback level 
Based on (6) & (9), a strong degradation of the αH-factor with the bias current should 
produce a significant variation in the laser’s feedback sensitivity. In fig. 13, the measured 
onset of the coherence collapse is shown (black squares) for the QDash FP laser depicted in 
fig. 2 as a function of the bias current at room temperature Note that the dashed line in fig. 
13 is added for visual help only. The feedback sensitivity of the laser is found to vary by 
~20-dB over the range of examined current levels as the H-factor increases at higher bias 
currents. In order to compare the experimental data with theoretical models previously 
described, the onset of coherence collapse is calculated by substituting the measured 
relaxation frequency, damping factor and H-factor values directly into (6) and (9). 
Assuming a laser with cleaved facets, the coupling coefficient from the facet to the external 
cavity   C  (1R) 2 R is calculated to be 0.6 and the internal round trip time in the laser cavity is about ~10ps. As shown in fig. 13, the best agreement with experimental data over 
the range of current is found with (9) for both values of p. The discrepancy between (9) is 3-
dB which corresponds to the factor 2 as described in section 2.3. Such a difference remains 
within the experimental resolution of +/- 3-dB  (see error bars in fig. 13). Using (6) leads to a 
larger discrepancy, whose minimum value is ~11-dB at 65mA. It is worth noting that for H–
factors approaching unity (below 60mA), the critical feedback level saturates for all four 
models considered. This saturation is generated by the function f(H), which converges to 1 
as H gets smaller. Experimentally, the trend does not saturate at this level of bias current 
since the resistance to optical feedback keeps increasing, demonstrating that the critical 
feedback level can be up-shifted for lower H–factors (Cohen & Lenstra, 1991).  
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 Fig. 13. Coherence collapse threshold as a function of the bias current for the QDash FP laser 
under study. Dashed line is added for visual help only. 
 
In order to account for the H-factor approaching unity, the empirical function g(H) 
described in section 2.1 has been included in (6), and the results are depicted in fig. 14. Note 
that the dashed and solid lines in fig. 14 are added for visual help only. The calculated 
critical feedback level is now up-shifted for the lower values of the H-factor. At low bias 
currents, the measured values are found to be in a better agreement with calculations. 
Although (6) does not match the quantitative values in fig. 14, it qualitatively reproduces the 
up-shifting observed for small H-factors. This effect can be explained through variation of 
the H-factor, which changes g(H) by a factor of 500. Thus, at low bias currents, the 
feedback sensitivity is mostly driven by the g(H) function and not variations in the 
damping factor. Despite the fact that (6) was derived empirically under the assumption of 
weak optical feedback similar to a more complete analysis based on the Lang and Kobayashi 
phase equation (Alsing et al., 1996), (Erneux et al., 1996), it is found to exhibit a better 
accuracy for ultra-low H-factors. Thus, the discrepancy between the experimental data and 
theoretical prediction is decreased from 14-dB to 7-dB at 55mA. When extrapolating the 
dotted line in fig. 14 to 45mA, the calculated values will be very close to the experimental 
data. According to the mode competition based method given by expression (10), a critical 
feedback level of 58-dB is calculated using an external cavity length of 5m. This value is 
lower than the minimum value calculated with (6), which is about 45-dB. This feedback 
level corresponds to a critical level at which the external cavity modes start building-up but 
do not really correspond to the full coherence collapse regime. 
 
 Fig. 14. Coherence collapse threshold as a function of the bias current for the QDash FP laser 
under study. Dashed and dotted lines are added for visual help only. 
 
Fig. 15 shows the measured coherence collapse threshold as a function of the bias current for 
the QW laser studied in section 4.3. An increase in the critical feedback level is found to 
range  between 36-dB to 27-dB when the current increases from 12mA to 70mA. In that 
situation, the onset of the coherence collapse follows a conventional trend (Azouigui et al, 
2007), (Azouigui et al, 2009) driven by variations of the relaxation frequency. 
 
 Fig. 15. Coherence collapse threshold as a function of the bias current for the QW DFB laser. 
The dotted line was added for visual help only. 
 
5.3 Role of the ES in the feedback degradation  
In QD or QDash lasers, it has been shown in section 4.3 that the αH-factor evaluated at the 
GS wavlength can be written as: 
 
                                                    H (P) GS (P,Psat ) ES (P,Psat )                                                  (25)  
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In (24), the first term denotes the gain compression effect at the GS while the second term 
represents the contribution of the carrier filling from the ES In the presence of a strong gain 
compression or when the second term in (25) dominates, the H-factor follows a non-linear 
trend above the laser threshold as previously shown. Based on the Lang and Kobayashi rate 
equations in the presence of optical feedback, it has been shown that an accurate way to 
calculate the onset of the coherence collapse regime is given by (9). Considering also 
expression (25), the mutual contributions of the GS and the ES can be considered together so 
as to re-write the critical feedback level for a QDash laser as follows: 
 
                    
  
RP c dB  RP c0(dB) 10 log 1
1 ES P,Psat ES P, Psat  2GS P,Psat  1GS2 (P,Psat )
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             (26) 
 
with, 
 
                                                   
 
RPc0  2f r  ipC




2 1
1GS2 (P,Psat )
                                                  (27) 
 
The amount RPc0 denotes the contribution of the GS only towards the change in the onset of 
the coherence collapse. The second term in (25) needs to be considered when the above 
threshold H-factor is dependant on contributions from both the GS (GS) and the ES (ES). 
Expression (26) goes a step further in the analytical description of the onset of the critical 
feedback level since it includes the additional dependence related to the ES itself. 
Fig. 16 shows the calculated GS and ES contributions to the onset of the coherence collapse 
(with p=21/2) as a function of the bias current for the QDash FP laser depicted in fig. 4. In the 
calculations, an internal roundtrip time of 10ps and a coupling coefficient 
 1 / 2C R R  ~0.6 (for an as-cleaved laser) is considered. The saturation power Psat is 
close to 17mW, the ratio gmax/gth is about 1.5 while coefficients α0 and α1 are treated as 
fitting parameters and are such that α0 << 1 and α1~2. Solid lines in fig. 16 are used for 
guiding the eyes only. On one hand, when plotting only the contribution related to the gain 
compression at the GS (labeled [1]) given by (26), the critical feedback level is found to 
increase with the bias current As the laser’s relaxation frequency is power dependent, such a 
variation is naturally expected.  On the other hand, when considering only the contribution 
taking into account the carrier filling from the ES (labeled [2]) in (25), an opposite trend is 
observed. This contribution can be seen as a significant perturbation that results in a shift in 
the overall coherence collapse threshold. Thus, when both the GS and ES contributions are 
considered in the overall coherence collapse threshold, the calculated coherence collapse 
threshold is found to decrease with bias current (black solid line). Let us emphasize that 
these calculated values are in a good agreement with experimental data (black squares) 
except at low bias current for which a saturation is theoretically predicted around 23-dB. 
This discrepancy can be attributed to the fact that the amplitude of the optical feedback gets 
too large and does not match the low feedback assumption. As a conclusion, the overall 
 
experimental trend depicted in fig. 16 appears unconventional since it does not match the 
relaxation frequency variations even at low bias current levels for which the coherence 
collapse is up-shifted. This different behavior is specific to QDash structures in which the 
non-linear effects associated with the ES can be much more emphasized. This phenomenon 
can make nano-structured lasers more sensitive to optical feedback, which results in larger 
variations in the onset of the coherence collapse compared to that of the QW devices. 
 
      Fig. 16. Coherence collapse threshold as a function of the bias current including the 
contributions of the GS only, the ES only, both the GS and the ES and comparison with the 
measured data (black squares). 
 
Fig. 17 shows the measured coherence collapse thresholds as a function of the H-factor for 
both the QDash FP laser (circles) and the QW DFB (squares). This figure illustrates how the 
route to chaos may change in a semiconductor laser; indeed depending on how the above-
threshold H-factor behaves, the sensitivity to the coherence collapse may be improved or 
degraded. In regards to the QW device, the sensitivity to optical feedback is improved when 
increasing the current. This behavior, which has previously been observed (Azouigui et al., 
2007), (Azouigui et al., 2009) is attributed to H-factor variations directly related to the 
relaxation frequency. Thus, the H-factor increases quite linearly above the laser’s threshold 
and it remains mostly driven by the gain compression at the GS through the first term of 
equation (25) such that GS >> ES. Regarding the QDash device, the result shows a different 
situation: the resistance to optical feedback is substantially degraded with increasing bias 
current. This is due to the fact that the H-factor variations in the QDash FP laser are much 
more emphasized since for instance GS < ES meaning that the carrier filling from the ES 
needs to be considered in order to explain the non-linear increase of the GS abovethreshold 
H-factor. As a consequence, the critical feedback level does not follow the relaxation 
frequency variations since the coherence collapse is found to be up-shifted when decreasing 
the bias current level. Such behaviors can mostly occur in nano-structured lasers in which 
the influence of the ES coupled to the non-linear effects are emphasized. This phenomenon 
makes QD and QDash lasers more sensitive to optical feedback, thus the feedback 
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relaxation frequency. Thus, the H-factor increases quite linearly above the laser’s threshold 
and it remains mostly driven by the gain compression at the GS through the first term of 
equation (25) such that GS >> ES. Regarding the QDash device, the result shows a different 
situation: the resistance to optical feedback is substantially degraded with increasing bias 
current. This is due to the fact that the H-factor variations in the QDash FP laser are much 
more emphasized since for instance GS < ES meaning that the carrier filling from the ES 
needs to be considered in order to explain the non-linear increase of the GS abovethreshold 
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the influence of the ES coupled to the non-linear effects are emphasized. This phenomenon 
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sensitivity can be very different from a laser to another, which results in larger variations in 
the onset of the coherence collapse as compared to QW devices. At the wavelength of 1.5-
m, the best feedback sensitivity was found to be 24-dB for a 205-m Cleaved/HR QD DFB 
laser (Azouigui et al., 2007). This result can be explained by the combination of the cleaved 
facet that lowers the feedback sensitivity, a higher bias current (> 100mA) as well as smaller 
H-factor (H~4.5). For 1.3-µm wavelength range, higher tolerances to optical feedback have 
been reported in QD lasers with coherence collapse thresholds as high as 14-dB (Su et al., 
2004) and 8-dB (O’Brien et al., 2003). Let us stress that making such a comparison with a QW 
FP laser instead of a QW DFB would not change the conclusion since on QW based 
structures the increase of the H-factor with current is limited as compared to QDash 
devices. 
 
                   Fig. 17. Coherence collapse thresholds as a function of the H-factor for the QW laser (square 
markers) and for the QDash FP laser (circular markers) under study. Dashed lines are added 
for visual help. 
 
6. Conclusions 
 
The onset of the coherence collapse regime has been investigated experimentally and 
theoretically in 1.5-m nanostructured semiconductor lasers. The prediction of the critical 
feedback regime has been conducted through different analytical models. Models based on 
the laser transfer function and on the mode competition analysis have been found to 
underestimate the onset of the critical feedback level. The models based on external cavity 
mode stability analysis have been found to be in good agreement with the experimental 
data. Although the model based on the transfer function has been widely used in the field of 
optical feedback, it does not systematically yield a strong agreement for nanostructure-
based semiconductor devices except for the cases where an ultra low H-factor is considered. 
For QDash lasers, calculations are in agreement with the experiments that demonstrate that 
the ES filling produces an additional term, which accelerates the route to chaos. This 
contribution can be seen as a perturbation that reduces the overall coherence collapse 
threshold. Depending on the variations of the H-factor above threshold, the feedback 
 
resistance can be improved or deteriorated from one laser to another. The design of QDash 
lasers with no ES, reduced gain compression effects, and a lower, quasi-constant H-factor 
remains a big challenge. Recently a promising result was achieved using a 1.5-m 
InAs/InP(311B) semiconductor laser with truly 3D-confined quantum dots (Martinez et al., 
2008) (cGrillot et al., 2008). The laser characteristics exhibited a relatively constant H-factor 
as well as no significant ES emission over a wide range of current. These results highlight 
that the control of the H-factor has to be considered as a significant input for the realization 
of feedback-resistant lasers. Also, the prediction of the onset of the coherence collapse 
remains an important feature for all applications requiring a low noise level or a proper 
control of the laser’s coherence.  
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the laser transfer function and on the mode competition analysis have been found to 
underestimate the onset of the critical feedback level. The models based on external cavity 
mode stability analysis have been found to be in good agreement with the experimental 
data. Although the model based on the transfer function has been widely used in the field of 
optical feedback, it does not systematically yield a strong agreement for nanostructure-
based semiconductor devices except for the cases where an ultra low H-factor is considered. 
For QDash lasers, calculations are in agreement with the experiments that demonstrate that 
the ES filling produces an additional term, which accelerates the route to chaos. This 
contribution can be seen as a perturbation that reduces the overall coherence collapse 
threshold. Depending on the variations of the H-factor above threshold, the feedback 
 
resistance can be improved or deteriorated from one laser to another. The design of QDash 
lasers with no ES, reduced gain compression effects, and a lower, quasi-constant H-factor 
remains a big challenge. Recently a promising result was achieved using a 1.5-m 
InAs/InP(311B) semiconductor laser with truly 3D-confined quantum dots (Martinez et al., 
2008) (cGrillot et al., 2008). The laser characteristics exhibited a relatively constant H-factor 
as well as no significant ES emission over a wide range of current. These results highlight 
that the control of the H-factor has to be considered as a significant input for the realization 
of feedback-resistant lasers. Also, the prediction of the onset of the coherence collapse 
remains an important feature for all applications requiring a low noise level or a proper 
control of the laser’s coherence.  
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